The quantity of freshwater available worldwide is declining, revealing a pressing need for its more efficient use. Moreover, in many developing countries and lightly populated areas, raw wastewater is discarded into the environment posing serious ecological and health problems. Unfortunately, this situation will persist unless low-cost, effective and simple technologies are brought in. The aim of this study is to present such a treatment method, a novel setup which is termed recirculating vertical flow constructed wetland (RVFCW). The RVFCW is composed of two components: (i) a three-layer bed consisting of planted organic soil over an upper layer of filtering media (i.e. tuff or beads) and a lower layer of limestone pebbles, and (ii) a reservoir located beneath the bed.
INTRODUCTION
The quantity of freshwater available worldwide is declining, and there is a pressing need for alternative more efficient use such as reuse of treated wastewater. In heavily populated areas the most common strategy to treat wastewater for disposal or reuse is via intensive centralized, often sophisticated and expensive systems (Pepper et al. 1996) . This approach is often not suitable in developing countries, in lightly populated areas, or remote farms where on-site (decentralized) treatment by low-cost low-tech systems should be considered. Occasionally lightly populated settlements are located in environmentally sensitive areas and their economy is based on smallscale agricultural operations, producing effluents of higher waste strength that may contain problematic compounds from various production processing. In Israel and many places throughout the Mediterranean region, current agricultural trends have led to the rise of many small, family-run operations such as dairy farms that produce homestead cheeses, olive orchards with on-the-farm oil pressing, or vineyards with wine production. These enterprises yield high-strength wastewater that cannot be adequately treated by the standard technologies employed for farm household wastewater treatment, such as septic tanks and drain fields. For example, investigation of wastewater from the small dairy farm in this research has shown chemical oxygen demand (COD) concentrations ranging from 1,000 mg/L to more than 10,000 mg/L. This range is significantly higher that the range of 500 mg/L to 1,400 mg/L typical of household wastewater (Almeida et al. 1999) . doi: 10.2166/wst.2008.367 To date little has been published in the literature on effective, practical, and economically feasible treatment for these low-volume high-strength agro-wastewaters. Many commercially available small treatment systems that are currently being marketed to address this growing need are prohibitively expensive and still do not obtain adequate treatment results (Gross et al. 2006) . These systems often are simply downscaled from larger-scale commercial treatment technologies in an attempt to meet the smaller wastewater volume. The research by Gross et al. (2006) concluded that a system "designed" by this approach often does not provide adequate treatment, largely because it is not able to adapt to the variability (both in waste strength and flow volume) that is typical of small communities' waste streams. Other "larger" small-scale systems such as the classical extensive treatment units (i.e., anaerobic pondsfacultative ponds-reservoir) have several disadvantages such as substantial water losses, requirement for large area, bad odors and insufficient treatment for unrestricted water reuse. In conjunction with the above mentioned information, treatment by constructed wetlands (CW) seems an economically favorable option, even in the most developed countries (IWA 2000) .
The benefits of constructed wetlands for wastewater treatment are: low construction and operational costs, easy maintenance, effective and reliable wastewater treatment, tolerance to both great and small volumes of water and varying contamination levels (Hammer & Bastian 1989) .
Wetlands have been found to be effective in treating BOD, suspended solids, nitrogen and phosphorus, as well as for decreasing the concentrations of metals, organic chemicals and pathogens. In addition, they can be aesthetically pleasing and provide habitat for wildlife and human enjoyment. Still, one of the most common difficulties The recirculating rate is determined by the required water quality, the filter dimensions, and the wastewater flow rate.
Recirculating the water from the reservoir back to the bed dilutes the new raw wastewater and reduces the risk of organic overload or other pollutant. Since the water passes through the filter more than once, the area required to attain a specific water quality is significantly reduced and consequently so is evaporation. The system is modular, enabling more units to be attached (serially or in parallel) if needed, thus the system can be up-scaled to serve a small community or a neighbourhood. The RVFCW is compact, aesthetic, prevents environmental nuisances such as bad odours and mosquitoes, and reduces the possibility of human contact with the effluents.
Traditionally, the treated water coming out of the filtering system would have been tested for chemical and biological parameters and would be considered appropriate if it met certain standards. This is the "end of the pipe" method (ANZECC 1998) as it measures only the end product of the system without considering the receiving environment. However, many authorities are now concerned with the potential environmental impact of the treated water (e.g. ANZECC 1998), and a different water quality would be necessary to prevent environmental harm if the water is to be used for crop irrigation in a highly disturbed environment, or to be released into a natural stream. Thus, a thorough evaluation of a water treatment system must address the environment receiving the treated wastewater.
The aims of the current study were to test and improve the performance of the RVFCW for different waste streams as well as monitoring the potential environmental effects associated with the reuse of the treated effluents for landscape irrigation.
METHODS Experimental setup
Three RVFCW were installed to treat domestic wastewater 
Mathematical modeling
In modeling studies, turbidity and total organic carbon (TOC) were chosen to represent physical and biological removal processes respectively. For this purpose, three columns (13 cm diameter), covered from below with a coarse screen net, were filled with plastic Bio Balls (Aridal, Israel), 40 cm deep. Artificial wastewater was recirculated through the columns for 2 months, to enable the development of a biofilm and the kinetics of TOC and turbidity removal was followed over time. A set of lumped-parameter two-compartment mathematical equations was proposed to model the small-scale column setup representing the RVFCW,
where C is the concentration in the column, R the concentration in the reservoir, q the flux, D the column depth, u the column water content, Q the flow rate, V is the volume of the reservoir and r is a kinetic term.
The model can be modified to represent zero-order (r ¼ 2 k 0 ), exponential (r ¼ 2 k 1 ·C) and Monod-type kin-
Environmental impact
Flowerpot experiments were set up adjacent to the RVFCW The RVFCW efficiency at treating different wastewaters was studied by monitoring a variety of water quality variables.
The system was efficient in removing over 90% of the suspended solids in most of the sampling dates, over 96% of the degradable organic load as indicated by the BOD 5
and over 80% of the COD (Table 1) . Despite the initial anaerobic conditions of the raw wastewater the aeration of the treated water was complete (data not shown).
The consistently high oxygen concentrations allowed the conversion of ammonia to nitrate and minimized loss of nitrogen by denitrification. This may be of advantage when water is reused for irrigation. Surfactant removal was also observed. Boron concentration was decreased by 25% or more mainly by adsorption to the peat layer (Gross et al. 2007 ). The degree of decrease in N and P can be regulated to some extent by the recirculation rate and hydraulic retention time but this is beyond the scope of the current manuscript.
The numbers of fecal coliforms dropped by 2 -3 orders of magnitude from their initial concentration but were still higher than the Israeli standard for unrestricted irrigation of less than 10 CFU/100 mL (Halperin & Aloni 2003 ). An 11 W ultraviolet (UV) lamp (C Maximum Ltd, Israel) was added on the irrigation line to disinfect the treated wastewater before its application. It was found that the required contact time to reduce FC counts to less than 10 CFU/100 mL was 1.25 min. (Figure 2 ). Following the UV treatment, the routine FC counts in the irrigation water were usually less than 2 CFU/100 mL and always less than 20 CFU/100 mL.
Mathematical modeling
As stated above, lumped-parameter two-compartment mathematical equations were proposed to model the system with two targets in mind. Firstly, the model was aimed at helping to understand the physical and biological processes of the treatment and their importance. Secondly, it to describes the pollutant removal efficiency of the system as a function of various design parameters, such as the hydraulic loading, the bed area and depth, the retention time, etc. The proposed model was fitted to the observed kinetics using the different kinetic terms and it was found that TOC removal fitted a Monod type curve (Figure 3a) , whereas turbidity removal fitted better a zero-order removal term, until it leveled off at a baseline (Figure 3b) . The explanation for this may be that the turbidity is removed by physical filtration while TOC is removed by the bacteria that exist in the established columns. Following its calibration, the model will be used to predict the water quality in the treated effluents under different scenarios and consequently will enable the optimization of the system to specific site conditions, as well as its upscaling.
Environmental impact
Reuse of small-scale waste streams for landscape irrigation usually poses two major hazards. One is the harmful environmental effects and pollution caused by elevated levels of salinity, boron (B), and organic matter that can alter the soil properties, damage plants and contaminate ground water (Garland et al. 2000; Wallach et al. 2005) .
The other hazard is related to potential health risks associated with the spread of pathogenic organisms (Dixon et al. 1999) . Aiming to study the short-term effects of reuse of the treated wastewater, pots were irrigated with freshwater and treated wastewaters. Results suggested some accumulation of salts (as indicated by the accumulation of EC) in soils that were irrigated with treated wastewaters (Table 2 ). Yet salinity changes were such that they did not affect lettuce plants, which are fairly sensitive to salts and B (data not shown). Accumulation of salinity and organic matter may also negatively affect soil physical properties such as the formation of dispersive and/or hydrophobic soils. However, the observed short-term accumulation of both parameters did not appear to affect either (data not shown). A study on the long term effect of such irrigation is in progress. Accumulation of nutrients was similar for soils that were irrigated with treated wastewater and with regularly fertilized freshwater. Despite documented low survival of most pathogenic bacteria in the soil, irrigation with water that is insufficiently disinfected may result in accumulation of pathogenic bacteria in soil (Table 2) . 
